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      1. AGN / binary `states’  
 
      2. Black Hole Timing unification 
      
      3. X-ray / optical  variability  

Talk Outline 
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 Historical lightcurves – eg 3C273 

Ariel V SSI EXOSAT GINGA RXTE 

Previously, eg, Halpern 1982, Barr and Mushotzky 1986 – low luminosity, less variability 



4 

Historical Motivation – BH Masses from periodicities 

•  X-ray variability of Active Galaxies  is `FRACTAL’, 
       or scale invariant, on short timescales 
    
       

n  Scale invariance breaks on longer timescales. 

n  Are AGN just scaled up galactic black hole systems? 

(McHardy 1988) (McHardy and Czerny 1987) 
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TYPICAL AGN X-RAY DATA…. 
Eg NGC4051 RXTE Long Timescale Observations 

‘low-flux period’ 

(McHardy et al 2004 ) 

XMM 
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TIMING STATES 

`Unfolded’ Power Spectral Density (PSD)  

( McHardy et al., 2004   See also, eg 
 Edelson and Nandra 1999, Markowitz et al 2003 and others) 

• NGC4051 partly like  Cyg X-1 low-hard 
state,   but no second break 

•  More like high-soft state of Cyg X-1 
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Cyg X-1 Low-hard state PSD 
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PSDs of some other AGN 
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Uttley and McHardy 2005 

Vaughan et al 2003 
McHardy et al 2005 
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NGC3227 (black dots, top) 
NGC5506 (green squares) 

No (timing) hard states confirmed yet. 

Lack of low state systems is probably a selection effect. 
Present targets are X-ray bright  - higher accretion rates  

!!
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      Very High State – Akn564  

(Many papers including Pounds et al 2001; Edelson et al 2002;  Papadakis et al 2002; 
 Markowitz et al 2003; Vignali et al 2004, Arevalo et al 2006, Papadakis et al 2006) 

RXTE Observations 

4 years 1 month 1 day 

XMM Observations 
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Akn564: VHS PSD and Time Lags 
McHardy et al 2007 

Also seen in binaries in hard or VHS state 
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 As        > 1  implies VHS, not `hard’ state for Akn564 

Negative at high frequency 
- reprocessing 
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-11 +/- 4 s 

 !mE

(McClintock and Remillard 2006) 
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 Scaling of Characteristic Timescales: 
Black Hole Mass vs. PSD Break Timescale (TB) 

AGN with narrower lines and higher  
accretion rates have shorter TB. 
 
 
TB associated with inner edge of disc? 
 
Higher accretion rate pushes in disc? 
 
 
 
(McHardy et al 2004, 5.  See also 
Markowitz et al 2003 ) 
 

(Note rough lines of linear scaling, not fits, from Cyg X-1 in its `low-hard’ and `high-soft’ states) 

LOW 
STATE 

HIGH 
STATE 

VERY 
HIGH 

SOFT 
STATE 

HARD 
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AGN+binaries TB ~ M1.12      -0.98 

As                  = LBol / M 
  

we fit to     TB  ~  M A  LBol
-B   

-observables  

Proper 3D fit to Tb, M,  

Large contours, just to AGN   (20) 
(mostly soft state)  

Smaller contours 
include soft state binaries,  
GRS1915+105 and Cyg X-1 

(McHardy et al, 2006; Summons et al in prep ) 

AGN  TB ~ M1.28      

 !mE

 !mE
!0.85

 !mE

 !mE
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TB ~ V3.8 +/- 0.6 

 2.    RBLR ̃ L0.5        (LOC - Kaspi etal 1996) 
                               Bentz etal 2006 
 
 3.    v2 ~ GM/RBLR 

  Simple scaling relationships:   

1. 

Then expect 

Consistent with    TB ~ M /          

(McHardy et al, 2006; Summons et al in prep) 

IMPLICATION: NLS1 same as other AGN but have smaller ratios of  M / 
Small masses are selection effect as           can’t easily exceed unity 
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V 4 ~ M
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AGN X-Ray Variability and Optical Linewidth 
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The high frequency PSD: Mass scaling 
(eg McH 1988; Green et al 1993; Hayashida et al 1998; Gierlinski et al 2008; Kelly et al 2010) 

Gierlinski et al 2008 

Kelly et al 2010 
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Unified Description of AGN X-ray Variability 3
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Figure 1. Log of NB plotted against the black hole mass. The
blue stars are 5 AGN where αL was a free parameter in the PSD
fit and the red circles are the AGN where αL was fixed at 1. To
avoid clutter we show only the error in NBand not the typically
smaller error in mass which is not used in this paper.

3 NORMALISATION, MASS AND

ACCRETION RATE

3.1 Dependence of NB on Mass

Mass is the major factor in determining how other timing
parameter vary and so it is important to determine its pos-
sible affect on NB . Any variation with mass could severely
complicate any variation of NB with ṁE. We therefore plot,
in Fig 1, M vs NB .

There is no obvious dependency of NB on mass but
a χ2 fit to a constant is also poor as there is a great deal
of scatter in the relationship. We have also considered other
statistics to search for a relationship, in particular the Spear-
man rank-order correlation coefficient (rs) and Kendall’s tau
(τ ) which both examine an ordered ranking of the data to
search for correlations (e.g. see Numerical Recipes, Press
et al. 1992). In both tests values of the test parameter (rs

or τ ) of +1 and -1 correspond to perfect correlation or an-
ticorrelation respectively. A value of zero corresponds to no
correlation. Here we find rs= 0.032 and τ= 0.033, corre-
sponding to probabilities of 0.91 and 0.86 respectively that
there is no correlation between NB and ṁE.

3.2 Dependence of NB on Accretion Rate

In Fig 2 we plot the resulting normalisations against the
ratio of LBol to LEdd (i.e. ṁE). Although there is consid-
erable scatter, here is a clear trend for the normalisation
to increase with decreasing ṁE. We again apply the Spear-
man and Kendall tests and find that rs= -0.84 and τ= -0.67
corresponding to probabilities that one would exceed those
statistics with random data of 5×10−5 and 3.2×10−4 respec-
tively. Thus these statistics confirm a strong anticorrelation
between NB and ṁE. [A similar plot using values of NB all
from fits with αL free, but in general not well determined,
has much more scatter.]

To determine the form of the relationship we fit
Log(NormB) = C Log{( LBol

LEdd
) × 20} + D using the ‘fitxy’

routine Press et al. (1992) which performs a χ2 fit with er-
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Figure 2. Log of NB plotted against Log(LBol/LEdd). The blue
stars are 5 AGN where αL was a free parameter in the PSD fit and
the red circles are the AGN where αL was fixed at 1. The errors
in NB are shown in Fig 1 and the errors in Log(LBol/LEdd) are
typically 0.3 and are again not shown to avoid clutter. The line
shows the fit with slope -0.61.

rors in 2-D1 We find C = −0.61±0.14 and D = −2.04±0.07
with χ2 = 7.3 for 14 d.o.f. The rather low χ2

red value indi-
cates that the errors we have adopted for NB are indeed
conservative. We therefore repeated the fit taking a smaller
error of 0.2 in the log(NB) (which is more representative of
the Markowitz et al. (2003) errors on A only). The fitted val-
ues are almost identical (C = −0.61±0.1, D = −2.05±0.05)
with χ2 = 15.4 for 14 d.o.f., which may indicate that these
errors (on NB) are more reasonable.

We also considered the linear regression methods of
Isobe et al. (1990). These methods assume that a linear
model is a good fit and then derive the fit parameters. How-
ever they do not take account of errors on the variables and
so do not produce a χ2 value. Using the ”ordinary least-
squares regression of Y on X” prescription of Isobe et al
(1990), we find C = −0.84 ± 0.16 and D = −2.30 ± 0.11.
These values are entirely consistent (within the errors) with
the previous values. This result indicates that, irrespective
of the exact errors of NB and/or ṁE , the strong anticorre-
lation between these two variables can be well described by
a power-law relation of the form: NB ∝ ṁE

−0.6−0.8.

4 A UNIFIED DESCRIPTION OF X-RAY

VARIABILITY

Our main result is that NB scales as ṁB
E , with B being

probably ∼ 0.6 − 0.8, i.e. a little smaller than unity. This
is consistent with the Ponti et al. (2011) results, and at
the same time it broadly reconciles the scaling of TB with
M/ṁE and the scaling of high frequency PSD normalisation,
and lightcurve variance, with M (as was also mentioned by
Ponti et al.). The main reason is that both NB and νB show

1 We chose to define the normalisation of the NB vs ṁE re-
lation, D, at LBol/LEdd = 1/20 = 0.05. This corresponds to
log(LBol/LEdd) = −1.3, which is roughly located at the middle
of the ṁE values for the objects in the sample. In this way, the
uncertainty on the uninteresting parameter D is minimized.

c© 2012 RAS, MNRAS 000, 1–??

Low frequency PSD Normalisation 

No mass dependence 
Only radio quiet AGN 
with good dynamical  
or reverberation masses 

NB, Normalisation 
 at PSD bend 
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Unified Description of AGN X-ray Variability 3
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Figure 1. Log of NB plotted against the black hole mass. The
blue stars are 5 AGN where αL was a free parameter in the PSD
fit and the red circles are the AGN where αL was fixed at 1. To
avoid clutter we show only the error in NBand not the typically
smaller error in mass which is not used in this paper.

3 NORMALISATION, MASS AND

ACCRETION RATE

3.1 Dependence of NB on Mass

Mass is the major factor in determining how other timing
parameter vary and so it is important to determine its pos-
sible affect on NB . Any variation with mass could severely
complicate any variation of NB with ṁE. We therefore plot,
in Fig 1, M vs NB .

There is no obvious dependency of NB on mass but
a χ2 fit to a constant is also poor as there is a great deal
of scatter in the relationship. We have also considered other
statistics to search for a relationship, in particular the Spear-
man rank-order correlation coefficient (rs) and Kendall’s tau
(τ ) which both examine an ordered ranking of the data to
search for correlations (e.g. see Numerical Recipes, Press
et al. 1992). In both tests values of the test parameter (rs

or τ ) of +1 and -1 correspond to perfect correlation or an-
ticorrelation respectively. A value of zero corresponds to no
correlation. Here we find rs= 0.032 and τ= 0.033, corre-
sponding to probabilities of 0.91 and 0.86 respectively that
there is no correlation between NB and ṁE.

3.2 Dependence of NB on Accretion Rate

In Fig 2 we plot the resulting normalisations against the
ratio of LBol to LEdd (i.e. ṁE). Although there is consid-
erable scatter, here is a clear trend for the normalisation
to increase with decreasing ṁE. We again apply the Spear-
man and Kendall tests and find that rs= -0.84 and τ= -0.67
corresponding to probabilities that one would exceed those
statistics with random data of 5×10−5 and 3.2×10−4 respec-
tively. Thus these statistics confirm a strong anticorrelation
between NB and ṁE. [A similar plot using values of NB all
from fits with αL free, but in general not well determined,
has much more scatter.]

To determine the form of the relationship we fit
Log(NormB) = C Log{( LBol

LEdd
) × 20} + D using the ‘fitxy’

routine Press et al. (1992) which performs a χ2 fit with er-
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Figure 2. Log of NB plotted against Log(LBol/LEdd). The blue
stars are 5 AGN where αL was a free parameter in the PSD fit and
the red circles are the AGN where αL was fixed at 1. The errors
in NB are shown in Fig 1 and the errors in Log(LBol/LEdd) are
typically 0.3 and are again not shown to avoid clutter. The line
shows the fit with slope -0.61.

rors in 2-D1 We find C = −0.61±0.14 and D = −2.04±0.07
with χ2 = 7.3 for 14 d.o.f. The rather low χ2

red value indi-
cates that the errors we have adopted for NB are indeed
conservative. We therefore repeated the fit taking a smaller
error of 0.2 in the log(NB) (which is more representative of
the Markowitz et al. (2003) errors on A only). The fitted val-
ues are almost identical (C = −0.61±0.1, D = −2.05±0.05)
with χ2 = 15.4 for 14 d.o.f., which may indicate that these
errors (on NB) are more reasonable.

We also considered the linear regression methods of
Isobe et al. (1990). These methods assume that a linear
model is a good fit and then derive the fit parameters. How-
ever they do not take account of errors on the variables and
so do not produce a χ2 value. Using the ”ordinary least-
squares regression of Y on X” prescription of Isobe et al
(1990), we find C = −0.84 ± 0.16 and D = −2.30 ± 0.11.
These values are entirely consistent (within the errors) with
the previous values. This result indicates that, irrespective
of the exact errors of NB and/or ṁE , the strong anticorre-
lation between these two variables can be well described by
a power-law relation of the form: NB ∝ ṁE

−0.6−0.8.

4 A UNIFIED DESCRIPTION OF X-RAY

VARIABILITY

Our main result is that NB scales as ṁB
E , with B being

probably ∼ 0.6 − 0.8, i.e. a little smaller than unity. This
is consistent with the Ponti et al. (2011) results, and at
the same time it broadly reconciles the scaling of TB with
M/ṁE and the scaling of high frequency PSD normalisation,
and lightcurve variance, with M (as was also mentioned by
Ponti et al.). The main reason is that both NB and νB show

1 We chose to define the normalisation of the NB vs ṁE re-
lation, D, at LBol/LEdd = 1/20 = 0.05. This corresponds to
log(LBol/LEdd) = −1.3, which is roughly located at the middle
of the ṁE values for the objects in the sample. In this way, the
uncertainty on the uninteresting parameter D is minimized.

c© 2012 RAS, MNRAS 000, 1–??

Low frequency PSD Normalisation 

Inverse dependence on accretion rate 
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1 and 3 have same mass, but 
3 has lower accretion rate 
-  higher normalisation and  
-  lower bend frequency 
 
 
1 and 2 have same accretion rate, 
but 2 has lower mass 
-  same normalisation 
-  lower bend frequency 

(McH et al, in prep) 
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  Optical Variability in AGN: 
Reprocessed X-rays or intrinsic disc variability?  
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NGC 4051 
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NGC4051 

Optical lags by 1.5+/- 0.5 d  
(above 99% confidence) Breedt et al 2010 
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MKN 79 

Short term correlation but different long term trends 
  
Optical probably a combination of X-ray reprocessing and intrinsic disc variations 
(inwardly propagating fluctuations) 

(Breedt et al, 2009, MNRAS) 
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(from Arevalo et al 2008) 

Simulated Optical Lightcurves 
Propagating fluctuations plus X-ray reprocessing 

Propagating fluctuations 

X-rays 

Sum of propagating fluctuations 
              and X-ray reprocessing 
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X-ray/optical peak correlation 
coefficient vs. disc temperature 

Optical emission region in cool disc is closer to black hole and subtends  
larger solid angle at X-ray source 
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CONCLUSIONS 

AGN probably occupy same states as GBHs, but no hard states 
confirmed yet. 
 
Timing unification:  
PSD bend timescale depends on M /  
HF psd normalisation depends on M 
LF psd normalisation depends inversely on  
 
 
Short timescale optical variability in Seyferts dominated by 
reprocessing of X-rays - dependent  on disc temperature. 
 

 !mE

 !mE


